Abstract: The transcriptional activator CooA belongs to the CRP/FNR (cAMP receptor protein/fumarate and nitrate reductase) superfamily of transcriptional regulators and uses heme to sense carbon monoxide (CO). Effector-driven allosteric activation is well understood in CRP, a CooA homologue. A structural allosteric activation model for CooA exists which parallels that of CRP; however, the role of protein dynamics, which is crucial in CRP, is not well understood in CooA. We employed site-directed spin labeling electron paramagnetic resonance spectroscopy to probe CooA motions on the μs-ms timescale. We created a series of Cys substitution variants, each with a cysteine residue introduced into a key functional region of the protein: K26C, E60C, F132C, D134C, and S175C. The heme environment and DNA binding affinity of each variant were comparable to those of wild-type CooA, with the exception of F132C, which displayed reduced DNA binding affinity. This observation confirms a previously hypothesized role for Phe 132 in transmitting the allosteric CO binding signal. Osmolyte perturbation studies of Fe(III) "locked-off" CooA variants labeled with either MTSL or MAL-6 nitroxide spin labels revealed that multicomponent EPR spectra report on conformational flexibility on the μs-ms timescale. Multiple dynamic populations exist at every site examined in the structurally uncharacterized Fe(III) "locked-off" CooA. This observation suggests that, in direct contrast to effector-free CRP, Fe(III) "locked-off" CooA undergoes conformational exchange on the μs-ms timescale. Importantly, we establish MAL-6 as a spin label with a redox-stable linkage that may be utilized to compare conformational dynamics between functional states of CooA.
Introduction
The CRP/FNR (cAMP receptor protein/fumarate and nitrate reductase) superfamily encompasses a large number of bacterial transcriptional regulators involved in sensing a diverse range of environmental stimuli. 1 An important question that remains unanswered for most members of this structural superfamily is how interaction between the protein and a specific environmental stimulus results in activation/ inactivation of protein function (i.e., DNA binding). While this question has been addressed in detail for CRP (also known as catabolite activator protein, CAP), a transcriptional activator that senses the catabolite cAMP, mechanisms of allosteric activation for most other members of the CRP/FNR superfamily are largely unknown. The transcriptional activator CooA (CO oxidation activator) is one such member of the superfamily. Unlike CRP, CooA regulates anaerobic carbon monoxide (CO) metabolism in facultative and obligate anaerobes in response to CO.
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Although a structural mechanism for the allosteric activation of CooA exists, the role of dynamics, which has been shown to be critical in regulating function in CRP, has not been explored for CooA. [6] [7] [8] [9] [10] In order to compare the role of dynamics in allosteric activation between CooA and CRP, we developed a means to probe conformational dynamics in CooA and demonstrated that CooA samples multiple conformations in the poorly characterized Fe(III) "locked-off" state. For CRP, changes in protein dynamics account for the negative cooperativity of cAMP binding while an effector-driven structural transition adequately explains allosteric activation. cAMP binding to CRP is negatively cooperative: binding of the first cAMP molecule at one monomer activates slow (μs-ms) motions across the entire protein without affecting changes to fast (ps-ns) dynamics; binding of the second cAMP molecule suppresses fast dynamics and thereby imparts an entropic binding penalty. 6, 11 In the structural activation model for wild-type (WT) CRP, binding of two cAMP molecules induces a coil-to-helix transition that results in repositioning of the DNA-binding domains for favorable interaction with DNA. [11] [12] [13] This coil-to-helix transition is driven by specific interactions between the adenine base and phosphate groups of cAMP with the residues surrounding the effector binding pocket. 13 Importantly, there are a number of CRP variants in which altered allosteric activation is attributed to changes in dynamics without changes in structure. 7, 8, 10, 14 These observations clearly demonstrate that effectordriven changes in fast dynamics and conformational entropy can completely account for allosteric activation without invoking changes in structure.
Despite being a structural homologue of CRP, the transcriptional activator CooA employs a different strategy for sensing its allosteric effector, CO. Like CRP, CooA exists as a homodimer in solution, and each monomer contains an effector binding domain (residues 2-130) and a DNA-binding domain (residues 131-213). 15 In place of a cAMP binding site, the effector binding domain of CooA contains a heme cofactor. In the facultative anaerobe Rhodospirillum rubrum (Rr), the heme serves dual functions as a redox sensor and a CO sensor: CO binds to the Fe(II) heme of each monomer following a reversible redox-mediated ligand switch ( Fig. 1) . 5, [16] [17] [18] [19] [20] [21] [22] The current allosteric activation model for CooA invokes a structural change reminiscent of that of WT CRP. Evidence for this structural model includes a comparison of crystallographic data between inactive Fe(II) "ready-off" Rr CooA and a constitutively active variant of CooA from Carboxydothermus hydrogenoformans (Ch) (Fig. 1) . 15, 24 In the model, CO binding induces a structural transition that results in exposure of the DNA-binding helices; however, asymmetry in the crystal structures precludes a complete understanding of this structural transition. 25, 26 Small angle X-ray scattering (SAXS) data revealed no significant changes in the radius of gyration between Fe(II) "ready-off" and Fe(II)-CO "on" Rr CooA, consistent with the conclusion that the folded-over monomer of the asymmetric Fe(II) "ready-off" Rr CooA crystal structure is the major species in solution. 27 These data were interpreted to suggest a "swinging hinge" model in which the DNA binding domains undergo a propeller-like rotation to expose the DNAbinding F-helices upon CO binding. This rigid-body rotation resembles the changes observed in the effector-driven activation of CRP. 28 Propagation of the allosteric CO binding signal in CooA is not completely understood. Citing constitutive activity of a covalently cross-linked variant of Ch CooA, Tripathi and Poulos recently suggested that, in Ch CooA, a structural transition to the active conformation may be facilitated by stabilizing interactions between the N-terminal tail of CooA and two other regions: the heme domain and the DNA-binding domain. 28 In this model, CO replaces an N-terminal residue as an axial heme ligand, freeing the Nterminus to stabilize the active conformation. The allosteric mechanisms of Ch and Rr CooA may or may not be the same; the N-terminal amino acid sequence of Ch CooA differs from that of Rr CooA, Ch CooA does not appear to undergo redox-mediated ligand switching, and it has yet to be determined whether the N-terminus coordinates to heme in Ch CooA. 26, 29 Other studies probed the propagation mechanism in Rr CooA. The effects of mutation of Nterminal residues 21, 25, 30 and recent UV resonance Raman data 31 suggest that CO-dependent allosteric activation occurs through loss of the Pro 2 heme ligand and subsequent rotation of the C-helices in the dimer interface. Without a direct structural comparison between activity states in the same CooA homologue, these structural hypotheses remain untested. Neither the structural allosteric activation model nor models for allosteric signal propagation in CooA account for changes in protein dynamics; therefore, these models may be incomplete. Several lines of evidence suggest that protein dynamics may play a role in CO-dependent modulation of DNA binding. CO recombination following flash photolysis exhibited nonexponential behavior when probed by subpicosecond mid-IR spectroscopy. 32 Biphasic kinetics for CO association and dissociation were observed using a combination of rapid mixing electronic absorbance, flash photolysis, and time-resolved resonance Raman spectroscopy. 20 Taken together, these observations provide spectroscopic evidence that Fe(II)-CO "on" CooA samples multiple conformational substates on fast timescales. The presence of such substates suggests that allosteric regulation of CooA may rely on modulation of fast dynamics. Additionally, the SAXS data summarized above does not eliminate the possibility that CooA samples both active and inactive conformations. It is therefore possible that CO binding allosterically modulates slow dynamics by increasing the fraction of protein sampling the active Figure 1 . The three functional states of CooA and corresponding structural data for the Fe(II) "ready-off" state in Rr CooA (PDB 1FT9) 15 and Fe(II)-CO "on" state of Ch CooA (PDB 2HKX). 24 For each structure, the effector binding domain is shown in magenta, DNA binding domain in dark purple, and heme cofactors in red. The DNA-binding F-helices are highlighted in orange. Images were created using PyMOL Molecular Graphics System (Version 1.3 Schrödinger, LLC.). The unique heme ligation/oxidation state associated with each functional state is depicted below the structural data.
conformation. We seek to understand the role of dynamics in the allosteric activation of CooA and to compare dynamic changes in CooA to those of its structural homologue, CRP.
To better understand how changes in slow dynamics may regulate CO-dependent DNA binding activity in CooA, we have employed site-directed spin label electron paramagnetic resonance (SDSL-EPR) spectroscopy. Of the comprehensive investigations of dynamically driven allostery present in the literature, most have utilized NMR experiments to probe motions on slow and fast timescales. 7, [33] [34] [35] [36] [37] [38] [39] The size of CooA (50 kDa) and presence of a paramagnetic heme in the Fe(III) "locked-off" state render such NMR experiments challenging; however, these constraints do not limit the use of sitespecifically incorporated nitroxide spin labels that report on local protein dynamics on the μs-ms timescale.
40-43 SDSL-EPR spectroscopy, which has been utilized to study conformational exchange and structural transitions in a number of soluble and membrane-bound proteins, is well-suited to probe conformational dynamics in CooA. [44] [45] [46] [47] [48] In this study, we compare conformational dynamics of five cysteine substitution variants of Rr CooA in the Fe(III)"locked-off" state using two nitroxide spin labels: MTSL (2,2,5,5-tetramethyl-1-oxyl-3-methyl methanethiosulfonate spin label) and MAL-6 (N-(2,2,6,6-tetramethylpiperidin-4-yl-1-oxyl)maleimide) ( Fig. 2 ). There are no structural data available for Fe(III) "locked-off" Rr CooA; consequently, this activity state has not been considered in prior allosteric activation models. We demonstrate that MAL-6 exhibits solution additive-dependent spectral changes that are nearly identical to those of MTSL when bound to CooA. Through this observation, we reveal that Fe(III) "locked-off" CooA is conformationally flexible and establish MAL-6 as a nitroxide label with a redox-stable linkage appropriate for use in comparing conformational dynamics under the reducing conditions necessary to probe the other activity states of CooA.
Results

Heme characteristics of ΔCys 4 CooA and Cys substitution variants
Because CooA contains four potentially reactive Cys residues, the variant ΔCys 4 CooA lacking these Cys residues was created to facilitate site-specific spin labeling. This protein contains only one of the five Cys residues present in WT CooA: Cys 75 is a ligand to the heme iron in the Fe(III) state and is important for CooA function. Cys 75 is bound to the heme iron and therefore will not react with the spin label probe in the Fe(III) state. The ΔCys 4 CooA variant (C35A, C80A, C105Y, C123I) was generated by random mutagenesis and selection in a cell-based activity screen. 49 Five single-point Cys substitution variants were created within the ΔCys 4 CooA background: K26C-, E60C-, F132C-, D134C-, and S175C-ΔCys 4 CooA. Hereafter we will refer to these Cys substitution variants as K26C, E60C, F132C, D134C, and S175C, although all bear the four additional variations of ΔCys 4 CooA. Each Cys substitution serves to represent a key functional region within ΔCys 4 CooA: the heme-containing effector domain (K26C), the top of the 4/5 loop (E60C), the hinge (F132C and D134C), and the DNA-binding domain (S175C) (Fig. 2) . The heme reactivities of ΔCys 4 CooA and Cys substitution variants appear unchanged from WT CooA. The positions and band shapes of the heme absorption features of all variants in the Fe(III), Fe(II), and Fe(II)-CO states were essentially indistinguishable from those of WT CooA (Supporting Information Table S1 , Figs. S1-S6). This observation suggests that neither the removal of the four native Cys residues nor substitution of Cys residues at the five locations listed results in significant perturbation of the heme pocket and that the redox-mediated (Fig. 3) . In EPR spectra of spinlabeled proteins, a more mobile spin label population is represented by a narrower signal distribution while a less mobile spin label population is represented by a broader signal distribution. Multicomponent SDSL-EPR signals (derived from labels with differing mobilities) may arise from the presence of (1) To understand the contribution of protein rotary diffusion to multicomponent EPR spectra in CooA, we compared SDSL-EPR spectra of MTSL-labeled Fe(III) Cys substitution variants in the presence and absence of 25% (w/w) Ficoll-70 (Fig. 3, left) . K26C and D134C showed a small increase in the population of the less mobile component upon addition of Ficoll-70, while F132C and S175C showed a more pronounced Figure 3 . EPR spectra of MTSL-labeled and MAL6-labeled Fe(III) ΔCys 4 CooA variants in 100 mM MOPS, 500 mM NaCl, pH 7.4 (grey) and 100 mM MOPS, 500 mM NaCl, pH 7.4 with 25% (w/w) Ficoll-70 (black). The spectra are scaled to equivalent central line amplitude. More mobile (m) and less mobile (l) components of the m I = +1 line are labeled for clarity. increase in the population of the less mobile component upon addition of Ficoll-70. In contrast, E60C exhibited a large increase in the more mobile component upon addition of Ficoll-70. We attribute Ficoll-70-induced changes in signal distribution to the suppression of effects due to protein rotary diffusion: the increase in solution viscosity imparted by Ficoll-70 slows protein rotary diffusion enough to eliminate the contribution of this effect to the EPR spectrum. Multicomponent EPR spectra of all MTSLlabeled Fe(III) CooA variants in this study report on multiple protein conformations. To identify SDSL-EPR spectral features that report on protein conformational dynamics, we compared the SDSL-EPR signal distribution of Fe(III) CooA Cys substitution variants in buffer with 25% (w/w) Ficoll-70 and in buffer with 30% (w/w) sucrose (Fig. 4, left) . These two buffers have nearly identical viscosities, and Ficoll-70 is known to interact minimally with MTSL-bound protein 45, 52 ; as a result, differences in the distribution of signals in multicomponent EPR spectra arise from the presence or absence of the protecting osmolyte sucrose. For all MTSL-labeled Fe(III) CooA variants, addition of sucrose increased the intensity of the less mobile EPR signal with a concomitant decrease in the intensity of the more mobile EPR signal. This sucrose-dependent signal response demonstrates that the multicomponent EPR spectra observed in MTSLlabeled CooA variants report on multiple protein conformations. Furthermore, these results demonstrate that Fe(III) CooA exhibits conformational heterogeneity in the heme-binding domain, 4/5 loop, hinge region, and DNA-binding domain.
Comparison of EPR spectra between MTSLlabeled and MAL-6-labeled Fe(III) Cys substitution variants
The relative population of EPR signal components and response to solution additives in MAL-6-labeled Fe(III) CooA variants were similar to those of MTSLlabeled variants. EPR spectral response to Ficoll-70-induced increase in solution viscosity in MAL-6-labeled samples parallels that observed in MTSLlabeled samples: K26C, F132C, D134C, and S175C exhibited an increase in the population of the less mobile component upon addition of Ficoll-70, while E60C exhibited an increase in the more mobile component upon addition of Ficoll-70 (Fig. 3, right) . Like MTSL-labeled samples, all MAL-6-labeled Fe(III) CooA variants exhibited increased intensity of the less mobile EPR signal with a concomitant decrease in the intensity of the more mobile EPR signal in the presence of sucrose (Fig. 4, right) . Changes in the distribution of more and less mobile EPR components in response to the presence of solution additives were somewhat more pronounced for MAL-6-labeled samples than for MTSL-labeled samples. The differences in chemical structure between MTSL and MAL-6 likely give rise to the observed subtle changes in signal behavior; however, both labels exhibit sucrosedependent changes in EPR signal intensity in Fe(III) CooA variants, demonstrating that (1) both labels report on conformational dynamics and (2) Fe(III) CooA exhibits global conformational flexibility on the μs-ms timescale.
Discussion
EPR spectra of MTSL-labeled and MAL-6-labeled Cys substitution variants reveal conformational heterogeneity in five functionally important regions of CooA in the Fe(III) "locked-off" state. Previous crystallographic and SAXS studies provided structural information about CooA in the Fe(II) "ready-off" and CO-bound "on" states 15, 24, 27 ; however, no data exist that describe the global structure of CooA in the Fe(III) "locked-off" state. Additionally, limited data exist that describe protein dynamics in CooA. In this study, we observed multicomponent EPR spectra that exhibited osmolytedependent changes in signal distribution for five MTSL-labeled and MAL-6-labeled CooA Cys substitution variants in the Fe(III) "locked-off" state. These data demonstrate that the effector-binding domain (represented by K26C), 4/5 loop (represented by E60C), hinge region (represented by F132C and D134C), and DNA-binding domain (represented by S175C) sample multiple protein-derived conformational states on the μs-ms timescale in Fe(III) CooA. We cannot currently say whether these protein-derived conformational states are confined to the local protein environment of each spin label or are indicative of a global conformational change; however, it is unequivocal that CooA exhibits conformational flexibility on the slow (μs-ms) timescale.
Slow dynamics in Fe(III) "locked-off" CooA differ from those of the analogous apo-CRP, suggesting that there may be differences in the allosteric activation mechanism in these structural homologues. As demonstrated in the above SDSL-EPR experiments, several functional regions of Fe(III) CooA exhibit conformational flexibility on the μs-ms timescale. In contrast, apo-CRP does not exhibit conformational exchange, as evidenced by a single set of narrow resonances observed using solution NMR. 6, 13 In CRP,
anti-cooperative binding of cAMP effector molecules activates protein motions on the μs-ms timescale and induces a coil-to-helix transition that repositions the DNA-binding domains. [11] [12] [13] We plan to utilize SDSL-EPR as a tool to probe how conformational flexibility in CooA changes upon activation of the protein by reduction and cooperative CO binding at the heme. Phe 132 plays a critical role in allosteric communication between the CooA effector binding and DNAbinding domains. A functional role for Phe 132 was previously inferred from the Fe(II) "ready-off" crystal structure of Rr CooA. 15 In the crystal structure, the aromatic ring of Phe 132 directly interacts with the amide backbone of Thr 182 in the DNA recognition helix. Additionally, Phe is highly conserved in this position for members of the CRP/FNR superfamily. Based on these observations, it was proposed that Phe 132 is involved in propagating the CO binding signal from the regulatory domain to the DNA binding domain. Despite this initial prediction, no current model for propagation of the CO binding signal suggests a role for Phe 132 . 28, 31 We observe that, in the variant F132C, a Phe-to-Cys mutation abolishes COdependent DNA binding activity, while in D134C an Asp-to-Cys mutation at residue 134 has minimal effect on DNA binding activity. Introduction of the F132C variation disrupts allosteric communication between the heme and the DNA-binding domain; CO binding to the heme appears normal, but the CObound protein does not bind to its DNA target, confirming that Phe 132 makes a specific allosteric contact that is essential for signal propagation across CooA. Importantly, this study establishes MAL-6 as a spin label with a redox-stable, covalent linkage that reports on protein conformational dynamics in CooA. Solution additives have been employed to extract conformational dynamics information from multicomponent EPR spectra of soluble, MTSL-labeled proteins 45, 52 ; however, MTSL is covalently attached to proteins through a redox-sensitive, cysteine-linked disulfide bond. [40] [41] [42] As a result, the label is lost under reducing conditions, making the study of MTSLlabeled CooA in the Fe(II) "ready-off" and Fe(II)-CO 
Materials and Methods
Materials
MTSL (2,2,5,5-tetramethyl-1-oxyl-3-methyl methanethiosulfonate spin label) was purchased from Toronto Research Chemicals, and MAL-6 (N-(2,-2,6,6-tetramethylpiperidin-4-yl-1-oxyl)maleimide) was purchased from Sigma Aldrich. All spin labels were used without further purification. CO(g) (≥99.0% purity) was obtained from Linde Gas LLC, and Ar(g) (100% purity) was obtained from Airgas. Gases were used as received. All other chemicals were obtained from Sigma Aldrich or Fisher Scientific.
Vector construction
Plasmids encoding site-specific Cys substitutions in R. rubrum cooA were created in a pEXT- 
Protein expression and purification
Expression of variant CooA proteins followed the protocol developed in the Roberts lab using the bacterial strain UQ2892 and low concentration IPTG (isopropyl β-D-1-thiogalactopyranoside) induction to ensure maximal heme incorporation. 26, 55 All cells were grown in Lennox-LB media supplemented with 20 mg/L ferric citrate and 3 g/L nutrient broth. Briefly, a dense 2 mL inoculum was added to 25 mL media and incubated for 6 h at 28 C. Cells were diluted to an OD 550 of 0.06 and expression was induced with 7 μM IPTG, followed by growth for 20 h at 28 C. Following expression, cells were harvested by centrifugation and lysed in a French press. The lysate was cleared by centrifugation and added to a Ni-NTA column (Qiagen). Following batch adsorption, the column was washed with 10 mM imidazole, 50 mM MOPS (pH 7.5, 3-morpholinopropane-1-sulfonic acid), 500 mM KCl, 0.5 mM DTT to remove non-specifically bound proteins. Bound CooA was eluted with the addition of 220 mM imidazole in 50 mM MOPS (pH 7.5), 500 mM NaCl. Eluted CooA protein was precipitated with 55% saturated ammonium sulfate to remove excess imidazole and to concentrate the protein. Precipitated CooA was redissolved in 100 mM MOPS (pH 7.4) buffer and bound to a Q-FF anion exchange column (GE Healthcare) 100 mM MOPS (pH 7.4) buffer. Protein was eluted off the column in buffer containing 100 mM MOPS (pH 7.4), 400 mM NaCl. Purity of the isolated protein was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (13.5% [v/v] acrylamide). Isolated protein was stored in 100 mM MOPS (pH 7.4), 500 mM NaCl at −80 C until use.
Electronic absorption spectroscopy
All isolated proteins, ΔCys 4 CooA (control), K26C-, E60C-, F132C-, D134-, and S175C-ΔCys 4 CooA, were characterized by visible spectroscopy to determine heme content and to confirm correct heme coordination. Total protein concentration was determined using the bicinchoninic acid (BCA) assay (Pierce BCA Protein Assay Kit). Heme concentration was determined using the pyridine hemochrome assay (Supporting Information). 56, 57 Correct folding of the heme pocket was evaluated by recording visible spectra of the Fe(III), Fe(II), and Fe(II)-CO forms of each variant protein, and comparing them to WT (Supporting Information). All electronic absorption spectroscopy was performed on a Varian Cary 4 Bio spectrophotometer at room temperature.
Fluorescence polarization assay
The DNA binding affinity of CooA variants in vitro was measured using a fluorescence polarization assay as described previously (Supporting Information). 49 The resulting binding curves were fit to a simple 1:1 binding model using nonlinear least squares analysis to obtain the dissociation constant, K d (Supporting Information). 50 For each protein, K d values were determined in triplicate, and the average value was reported.
Site-directed spin labeling of CooA variants K26C-, E60C-, F132C-, D134C-, and S175C-ΔCys 4 CooA proteins were labeled by reacting the Fe(III) CooA variants with a 5-fold to 10-fold excess of spin label MTSL or MAL-6 (Fig. 3) . All labeling reactions were carried out in 100 mM MOPS, 500 mM NaCl, pH 7.4. For MTSL labeling, MTSL (10 mg/mL in ethanol) was added to 12.5-15 nmol CooA in 1250-5000 μL buffer and allowed to react at room temperature for 2-4 h. For MAL-6 labeling, MAL-6 (1 mg/mL in acetonitrile) was added to 5-30 nmol CooA in 500-5000 μL buffer and allowed to react at 4 C for 16-24 h. Labeled samples were dialyzed against 10 mM MOPS, 500 mM NaCl, pH 7.4 overnight to remove excess free label (Slide-Alyzer, Thermo 20,000 MWCO). The resulting labeled CooA proteins were concentrated and buffer exchanged using a 30,000 MWCO spin concentrator (Amicon Ultra); the specific buffer employed for each sample is noted in the figure legends.
EPR spectroscopy
Labeled variants were concentrated to 100-200 μM and loaded into capillary tubes (Drummond Scientific Company, 50 μL). EPR data were acquired on a Bruker Elexsys 500 system at 1.0 mW or 10.0 mW power, 100 G scan width, 2 G modulation amplitude, and 100 kHz modulation frequency. The number of scans ranged from 10 to 100 based on protein concentration.
